Samples of 1 at% metal (Al, Co, Cr, Cu, Mo, Nb, Ni, Ru, Si, V, W, Zr)-doped -rhombohedral boron (-boron) were prepared by spark plasma sintering and their thermoelectric properties were examined in the temperature range from 353 K to 1073 K. It was found that V-dopedboron exhibited the largest dimensionless figure of merit (ZT value). The V concentration dependence of the thermoelectric properties ofboron was investigated. We discuss the effects of V doping into -boron and the precipitation of a second phase on the thermoelectric properties. The temperature dependences of electrical conductivity and the Seebeck coefficient in the single-phase range of V concentration can be explained by assuming a combination of the band conduction of holes and the variable-range hopping conduction of electrons. This is described using the band structure model with the intrinsic acceptor level and the hybridization between the orbitals of boron and V, which corresponds to the metallic-covalent bonding conversion. Among the samples of V-doped -boron, V 2:0 B 105 had the highest value of ZT (7:91 Â 10 À3 at 1079 K) due to both V doping and the precipitation of a metallic phase (VB 2 ).
Introduction
Boron-rich icosahedral cluster solids (ICSs) are semiconductors and consist mainly of B 12 icosahedral clusters, which have three-centered covalent bonds owing to their electron deficiency.
1) The electronic structures of these solids are closely related to those of the clusters.
2) -rhombohedral boron (-boron), a typical ICS, is a polymorph of pure boron and has a complicated structure. The crystalline structure of -boron is schematically shown in Fig. 1 . Two types of B 12 icosahedral cluster are located at the vertex and the edge center of the rhombohedral unit cell, while B 28 -B-B 28 clusters are located along its long body diagonal. This is why -boron is often referred to as B 105 ((B 12 ) 4 (B 28 ) 2 B). There are some interstitial and vacant sites in this ideal structure, and the average number of atoms in the unit cell is 106. 6. 3) In addition to these boron sites, three types of interstitial site exist, A 1 , E and D, which are sufficiently large to accommodate other atoms. 4) The A 1 site, having the highest symmetry among the three sites, is a tetrahedral site surrounded by a vertex B 12 cluster and three edge-center B 12 clusters. Reflecting the strong intra-and intercluster bonding characteristics, -boron has a melting point higher than 2300 K.
The performance of thermoelectric materials is represented by the dimensionless figure of merit ZT, expressed as
where ' is the electrical conductivity, S is the thermoelectric power, that is, the Seebeck coefficient, is the thermal conductivity and T is the temperature. To obtain high-ZT thermoelectric materials, a high ', large S and low are required.
The coexistence of metallic and covalent bonds in the same material can markedly increase the value of ZT, since a value of ' as high as that of a metal along with a value of S as high as that of a semiconductor can be realized. 5) In a boron-rich ICS, a slight change in the intra-or intercluster environment can result in metallic-covalent bonding conversion similar to that in an aluminum-based ICS. 6) Furthermore, the conduction mechanism of both pure and metal-doped -boron is considered to be hopping conduction. In the case of -boron, variable-range hopping (VRH) conduction has been observed. 7) -boron is considered to be a promising thermoelectric material at high temperatures of above 1300 K, because ZT reaches 0.3 at 1700 K. 8) However, its performance is unsatisfactory in the intermediate temperature range from 600 K to 1000 K, within which thermoelectric energy can be generated from many types of waste heat. The occupancy of doping sites by foreign atoms has a great effect on the electrical and thermal properties of -boron. In previous studies, [9] [10] [11] the V, Co, Zr, Sr and W doping of -boron was attempted and n-type -boron doped with V, which is known to preferably occupy A 1 sites, had the highest ZT value.
In this study, we attempted to improve the thermoelectric performance of -boron in the intermediate temperature range by searching for the most suitable dopant element and its concentration. There should be a solubility limit for doping into -boron for any element, and a compound should be precipitated above this limit. The effect of the precipitation of a second phase, which is used to enhance the thermoelectric properties of some thermoelectric materials, was also investigated.
Experimental
After a preliminary experiment on doping -boron with 1 at% transition metals (M 1:0 B 105 , M ¼ Al, Co, Cr, Cu, Mo, Nb, Ni, Ru, Si, V, W, Zr) by arc-melting and spark plasma sintering (SPS), -boron was doped with various concentrations of V (V x B 105 , x ¼ 0:2, 0.5, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0) to investigate the dependence on V concentration of its thermoelectric properties. A mixture of amorphous boron powder (99.9% purity) and the transition-metal powder was arc-melted in an Ar atmosphere. Thus-formed alloy ingots were crushed into powder with particles of diameter below 45 mm, then were subjected to SPS at 1973 K under a pressure of 45 MPa for 10 min in an Ar atmosphere. After cutting the arc-melted and sintered bulk with a diamond blade, the remains were crushed into a powder for X-ray diffraction (XRD) measurement. XRD data were collected at room temperature using CuK radiation in the 2 range of 10 -80 . The microstructure and local composition were investigated using a scanning electron microscope (SEM) and energy-dispersive X-ray analysis (EDX), respectively. The average composition of some samples was measured using inductively coupled plasma (ICP) analysis. The four-probe method was employed to measure the electrical conductivity '. The Seebeck coefficient S was obtained from @V=@T, where @V is the thermoelectromotive force and @T is the temperature difference between the two ends of a sample. The measurements of ' and S were carried out simultaneously in a He atmosphere from 353 K to 1073 K (ULVAC ZEM-1). The thermal conductivity was calculated from the thermal diffusivity and the heat capacity measured in vacuum by the laser flash method (ULVAC TC-7000) in the temperature range from 300 to 1073 K.
Results and Discussion
Doping -boron with Mo, Ru and W resulted in the precipitation of the secondary phases MoB 4 , RuB 2 and WB 4 , respectively, while Al, Co, Cr, Cu, Nb, Ni, Si, V and Zr atoms were well doped into -boron. Figure 2 shows the ZT values of the well-doped samples. The n-type V-doped sample was found to have the largest ZT at lower temperatures with a value comparable to the largest ZT of p-type B 4 C among the boron-rich ICSs. This is because a large increase in ' and a decrease in were possible owing to the metallic-covalent bonding conversion around the A 1 sites and to the decrease in grain size induced by SPS, respectively, although the value of S decreased and became negative. [9] [10] [11] As a result, V-doping is focused on in this paper. Table 1 shows the V concentration of three samples obtained by ICP analysis. The difference between the analyzed and nominal concentrations is below 10%. Figure 3 shows XRD patterns of SPS V x B 105 samples. V is almost completely doped when x 1:0 and a metallic VB 2 phase begins to precipitate when x ! 1:5. The peak intensities of VB 2 also monotonically increase in proportion to the V concentration. The results of EDX (Fig. 4) are consistent with those of XRD, i.e., the microstructures are uniform when x 1:0, while white VB 2 phases are precipitated when x ! 1:5. x ¼ 1:5, the lattice constants increase until x ¼ $ 3:0; thus, it is considered that the concentration of doped V continues to increase after the start of precipitation. The temperature dependence of ' for V-doped -boron is shown from 353 to 1073 K in Fig. 6 . ' is plotted on a logarithmic scale against T À1=4 in accordance with Mott's law of VRH conduction, 12) '
where ' 0 is a constant, T 0 is Mott's characteristic temperature, À1 is the localization length of the wave function of the carriers, NðEÞ is the density of states, E F is the Fermi energy and k B is the Boltzmann constant. In the single-phase region (x 1:0), with the exception of -boron (x ¼ 0), ' is well described by VRH conduction, while in the multiphase region (x ! 1:5), the value of ' and its temperature dependence are affected by the metallic nature of the precipitated VB 2 phase. Figure 7 shows the variation of S with temperature for the V x B 105 samples. The value of S for boron-rich ICSs should be explained by VRH conduction as follows, using the equation proposed by Brenig et al.:
where q is the charge of carriers and N 0 ðEÞ is the derivative of NðEÞ. However, S cannot be described by eq. (3) in the single-phase region (0 < x 1:0), where ' is well described by eq. (2). The doping of V into -boron markedly decreases S. The sign of S changes in the range 0:2 x 0:8. This conversion from n-type conduction to p-type conduction means that both types of carrier, electrons and holes, exist.
The transport mechanism in V-doped -boron is now discussed. Samples with x ! 1:5 are excluded from this discussion to avoid considering the effects of metallic VB 2 . According to previous results 10, 11) for the temperature dependence of ' for metal-doped -boron, it is not clear whether it undergoes Arrhenius conduction or VRH conduction, and metal-doped -boron has been frequently described as exhibiting VRH conduction. However, there has been little investigation of the mechanism of S, 14) and the mechanism is unclear because the temperature dependence of S does not appear to match those predicted by VRH or band conduction. We assumed that the transport mechanism of V-dopedboron has a multiple conduction mechanism (VRH conduction of electrons and band conduction of holes). ' can be described by the following expressions when both the electrons in the localized conduction band and the holes in the valence band contribute to conduction:
Consequently, the following equation is obtained:
where Y, X, B and C are log ', 1=T, ' e0 and ' h0 , respectively, and suffixes e and h respectively indicate the transport coefficients for electrons and holes. VRH conduction was used as the conduction mechanism of electrons, and band conduction was used as the conduction mechanism of holes. Figure 8 shows the results of fitting using this model. The calculation results closely fit the experimental results for all samples. In the case of pure -boron, the ratio of band conduction to VRH conduction is extremely high; thus, it is considered that the contribution to conduction is almost entirely from the band conduction of holes. In Vdoped -boron, the contribution of VRH conduction is dominant at lower temperatures, and the contribution of band conduction is dominant at higher temperatures for all samples. S can be written as follows if it is assumed that both the electrons in the localized conduction band and the holes in the valence band contribute to conduction:
As in the case of ', the contribution of electrons involved in VRH conduction to the value of S is described by eq. (3), and the contribution of holes involved in band conduction to S is given by 
where the scattering relaxation time ( is proportional to E r and r depends on the scattering mechanism; r is À0:5, 0.5, À1 and 0.5 in the cases of acoustic phonon scattering, piezo phonon scattering, nonpolar optical phonon scattering and polar optical phonon scattering, respectively. According to eqs. (3), (8) and (9), S can be written as
where A is constant and D ¼ C=B. Figure 9 shows the results of fitting eq. (10) to S when it is assumed that r is À1. It is unclear which scattering mechanism is responsible for the behavior of S because the differences between the results for different values of r are negligible. A negative contribution of VRH conduction and a positive contribution of band conduction well describes the behavior of S for p-type -boron (x ¼ 0:0) samples, for samples (x ¼ 0:2; 0:5; 0:8) with the sign change of S from negative to positive with increasing temperature, as well as the n-type sample (x ¼ 1:0). Figure 10 shows the V concentration (x) dependences of the parameters T 0 , ÁE, A, B and D, which are used in eqs. (7) and (10) . T 0 and ÁE have a strong correlation with the (2)). This means that NðE F Þ, i.e., the density of states (DOS) of electrons at the Fermi level, becomes larger and their localization lengths become longer than those of the holes. ÁE also decreases, which indicates that the activation energy for the hole conduction decreases with increasing x. Figure 11 shows the band structure model of -boron and V-doped -boron, which may explain the experimental results shown in Fig. 10 . -boron has an intrinsic acceptor level (IAL), which is considered to originate from the electron deficiency of the B 12 icosahedral cluster and is localized by the internal defects of -boron. The hybridization of the orbitals between V and boron by doping V results in an increased DOS and weakened localization. This hybridization corresponds to the metallic-covalent bonding conversion. 15, 16) Figure 12 shows the temperature dependence of the thermal conductivity for V-doped -boron. The electronic contributions to the thermal conductivity, el , were calculated using the Wiedemann-Franz relation. Compared with the total thermal conductivity , el for metal-doped -boron was more than one order smaller, which means that the main contribution to thermal conduction in -boron is that of the lattice, similarly to in normal semiconductors. When x 1:0, appears to decrease owing to impurity scattering with increasing V concentration, but the decrease is small compared with that for pure -boron. Nevertheless, the values of for these SPS samples are much lower than those for arc-melted bulk samples. 9) On the other hand, when x ! 1:5, increases with increasing V concentration owing to the formation of a second phase, VB 2 , which has a larger value of . In all cases, exceeds the theoretical minimum lattice thermal conductivity ph min 17) given by eq. (11) when phonon conduction is similar to that in amorphous solids. Where v s is the velocity of sound (0:81 Â 10 4 ms À1 ), D is the Debye temperature (1220 K) and ! is the phonon frequency. 7) The integral variable y is
and the mean free path of a phonon l is
where ! is the phonon wavelength.
The temperature dependence of ZT is shown in Fig. 13 . In the samples with x ¼ 2:0, 3.0 and 4.0, ZT was higher than that for the other samples owing to the considerable enhancement of '. These values of ZT are higher than that for B 4 C at lower temperatures and almost the same as that for B 4 C at higher temperatures. In particular, in the case of x ¼ 2:0, the increase in ' due to V-doping into the A 1 sites in -boron and the slight precipitation of the metallic VB 2 phase resulted in the largest ZT value of 7:91 Â 10 À3 at 1079 K. It was reported that both ' and S can be increased by mixing semiconducting -FeSi 2 and metallic "-FeSi 2 . around the B 12 cluster upon doping V but also the dispersion of the metallic phase (VB 2 ) can improve the ZT value. However, the effect of metallic-phase dispersion is small compared with that of V doping into -boron, and the decrease in S is noticeable when the amount of VB 2 dispersion increases. Consequently, it appears that increasing the amount of V doping is more effective than dispersing a second phase in the crystalline boundary, similar to in composite materials. Methods for increasing the amount of V doping include the liquid-quenching method and nonequilibrium processes such as crystallizing V-doped amorphous boron at a low temperature in a short time. If it is possible to dope V at a concentration of 2 at% into -boron, it is expected that ZT will be improved accordingly.
Conclusions
The V concentration dependence of the thermoelectric properties of V-doped -boron in the intermediate temperature range (353-1073 K) was studied. Upon doping V atoms into A 1 sites in -boron and sintering the as-melted samples, ' increases markedly, decreases, and S decreases and becomes negative; thus, ZT increases in n-type samples. When x 1:0, the V-doped -boron samples consisted of a single phase and no metallic VB 2 was formed, whereas when x ! 1:5, the samples contained dispersed metallic VB 2 , the amount of which increased with the V concentration. The largest ZT value was obtained for x ¼ 2:0, for which a small amount of the metallic phase was dispersed in the sample. The results of this study indicate that the combination of metal doping into -boron and metallic-phase dispersion can increase the value of ZT in ICSs.
